Lack of daily data on airborne particles has been a common problem in an air pollution research. To deal with this problem, a regression model was developed to estimate daily PM10 concentration using visibility in Bangkok from 1992 to 1997, based on 1092 visibility / PM10 pair -observations on low humidity days ( humidity 76.5% ) . Visibility was significantly and inversely associated with PM10 ( r = 0.71 ) , after adjusting for minimum temperature and winter indicator variable. The R 2 of the model was 0.51. Journal of Exposure Analysis and Environmental Epidemiology ( 2001 ) 11, 97 ± 102.
Introduction
A common problem encountered in time series analysis evaluating adverse health effects of particulate matter is the scarcity or nonexistence of current daily or historical fine particle measurements. Missing data in time series analysis may lead to biased estimates of the effects of particulate exposure on morbidity and mortality. To overcome these problems airport visibility data have been used in several epidemiologic studies (Schwartz, 1991; Abbey et al., 1995b ) . These studies evaluated the association between mortality and PM2.5 and TSP, which were estimated from airport visibility, a technique suggested by Ozkaynak et al. ( 1985 ) ; Abbey et al. (1995a ) ; and Trijonis (1983 ) . Fine aerosols, with a diameter less than 2.5 m, can be effective light scatterers because the wavelength of visible light falls in this range ( Sisler and Malm, 1994 ) , and fine particles with smaller diameters ( 0.1± 1 m range ) are the most efficient scatterers of visible light ( Pitchford, 1991 ) . Airport visibility data are routinely measured at airports throughout the world, and are thus available for interpolation of missing fine particle measurements.
A similar problem was found in the Bangkok data during 1992 to 1997. In this period, the proportion of study days on which the PM10 measurements were available ranged from 18% to 48% for the four air-monitoring sites measuring PM10 across Bangkok. This can be a problem if one wants to assess the acute health effects of PM10. However, visibility is routinely measured in Bangkok at the Sirikit Convention Center and airport sites. The two monitoring sites provided quite complete series of visibility data for 1992 to 1997. The above-mentioned studies suggested that visibility can be a good surrogate for fine particles with diameter less than 2.5 m. A recent study reported that PM10 and PM2.5 measured at an ambient stationary monitor in Bangkok were highly correlated (r =0.81, P < 0.001 ) (Tsai et al., 2000 ) , suggesting that the measured PM10 consists of a large proportion of PM2.5, and that visibility might therefore be useful a surrogate measure of PM10 in Bangkok. In this paper, we developed and evaluated the regression model to impute the missing values of PM10 using visibility for 1992 to 1997 in Bangkok.
Methods

Data
During 1992 to 1997, in Bangkok, there were four airmonitoring sites operated by the Pollution Control Department, measuring PM10. These sites were Chulalongkorn Hospital (CHULA ) , the Ministry of Sciences and Technology (MOSTE ) , Odean circle ( ODEAN ), and Department of Land and Transportation (DLT ) . Twenty -four-hour average concentrations of PM10 were measured using automatic beta gage method. During this period, the PM10 measurements were available for only a limited number of days: 638 days at CHULA, 952 days at MOSTE, 1043 days at ODEAN, and 387 days at DLT. Because there were so few PM10 data from the DLT site, they were excluded from the analysis. Over the entire study period, there were 19 measurements from the three remaining sites considered to be potentially aberrant values because they were more than 50% higher than the closest values on the same days at the other two sites. These 19 aberrant values may be due to miscoding of the data or miscalibrating the instruments. Multisite average PM10 concentrations from the three sites were calculated and used in the regression modeling with visibility, after removing the potentially aberrant values. The multisite average PM10 increases the number of observations to 1460 days (67% of the study days ) and better reflects the daily city -wide PM10 concentrations in Bangkok than using the measurements from only one site.
Hourly visibility as well as relative humidity, dew point, temperature, and rain fall were monitored by the Department of Meteorology at the two monitoring sites in Bangkok: the Sirikit Convention Center is located in the center of Bangkok and the airport is located in the north of Bangkok. The visibility measurement involves observing targets at known distances from the observation point to determine the most distant target that is visible. Quite complete visibility data for 1992 to 1997 were obtained from these two sites: 2159 days from the central site and 2010 days from the airport site. It is believed that midday visibility (visibility at 10 AM, 1 PM, and 4 PM ) is less likely to be influenced by diurnal variation in humidity, so it should be a good predictor for fine particles. However, the Bangkok data show that the 24 -h average visibility is consistently more strongly correlated with PM10 than the midday visibility across the quartile strata of relative humidity for each site, and the two -site average ( Table 1 ). The correlations of the airport site were slightly higher than those of the central site, suggesting that the 24-h airport visibility may be more appropriate in forming the regression model. However, the correlations of the two -site average 24 -h visibility with PM10 did not differ much from those of the airport. Thus, the two-site average 24 -h visibility data should be more appropriate in forming the regression model and increases the number of observations from 2010 to 2159. Visibility data on days for which fog or rain were concurrently recorded were not used in the analysis to avoid possible overestimation of the concentrations of particles using visibility because most aerosol particles are hygroscopic, so their sizes can be affected by air humidity ( Nilsson, 1994 ) .
Weather and season were considered to be potential confounders in the association of PM10 with visibility. The weather variables considered in this analysis were dew point, relative humidity, and temperature ( mean, minimum, and maximum ) . They were recorded every 3 h, with nearly 100% completeness. The missing values were imputed using the method suggested by Kinney and Ozkaynak (1991) . The correlations of the weather variables with PM10 were relatively similar for the Sirikit Convention Center and airport sites ( results not shown ). Therefore, the daily average of the weather data were used in the regression models.
Statistical Analysis
Linear regression models were used to model PM10 levels using 24-h visibility while adjusting for dew point, relative humidity, temperature (mean, minimum, or maximum ), and season. To control for the effects of season on the 76.5 ± 100 À 0.17, n = 367 À 0.22, n = 368 À 0.32, n = 281 À 0.45, n = 284 À 0.24, n = 367 À 0.28, n = 368 suggesting collinearity of these variables with the other predictors. Finally, the best parsimonious predictive model was selected in which only the significant predictors (P < 0.05 ) were retained. The effects of the extreme observations on the regression estimates were examined using M estimate of regression, by which the estimates were protected against extreme values in the response variable. This was performed using S -PLUS software package, whereas the other statistical analyses were performed using SAS software package.
To assess the accuracy of the regression estimates, the total data set of 1092 paired observations of PM10 and visibility were randomly divided into two halves. The regression model associating PM10 with visibility was developed with the first random half of the data, and this regression model was used to predict PM10 from the second random half data. Observed and predicted PM10 values were then compared for the second random half, and their time series plots as well as descriptive statistics were compared.
Results
Fitting Regression Models to Estimate PM10 from Visibility
The correlations between PM10 and 24-h visibility decreased with increasing levels of relative humidity (Table  2 ) . Clearly, the correlation dropped significantly at the 4th 
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quartile of relative humidity. As a result, we limited the regression modeling to the visibility on low relative humidity days by excluding the visibility on the 4th quartile of relative humidity ( > 76.5% ) . After excluding visibility on high relative humidity days from the data, 1092 paired observations of PM10 and visibility were available for the regression analysis. As shown in Figure 1 , the scatter plot shows the inverse relationship between PM10 and visibility. Therefore, we proceeded to fit the linear association of PM10 with visibility, while adjusting for relative humidity, minimum temperature, and indicator variables for season ( summer and winter ) . The final parsimonious regression model (model 1) with R 2 of 0.51 is shown in Table 2 . The significant predictors were visibility, minimum temperature and winter. The final model was assessed for a possible violation of linear regression assumptions, by examining the normality of residuals and the plots of residuals against the relevant predictors of PM10. Additionally, robustness to extreme observations of the final model was evaluated using M estimate of regression. The coefficient estimates (not shown here ) from the M estimate regression were very close to those in the final model, suggesting the robustness of the final model.
Evaluating the Precision of Regression Estimates
The PM10 concentrations were predicted from the entire data set, using the regression equation in model 1. Figure  2a shows that the patterns of the predicted and measured PM10 within this data set were relatively similar. As shown in Table 3 , the correlation between the measured and predicted PM10 was relatively high ( r= 0.71 ). This suggests that the regression model 1 provided reasonable estimates of PM10. Table 2 also presents the regression model of the first random half of the data, which was named as model 2. Generally, model 1 and model 2 were very identical with respect to the significant predictors, regression coefficients, and coefficient of variation. Model 2 was used to predict PM10 in the second random half of the data, and the predicted and measured PM10 from this subsample were evaluated. Similar to model 1, the pattern of the predicted PM10 is relatively similar to that of the measured PM10 (Figure 2b ) . Moreover, the correlation between measured and predicted PM10 was relatively high ( r= 0.69) , and their means and SDs were close to one another ( Table 3) .
Clearly, the split -half technique, which used different data sets in forming the regression model and predicting PM10, provided consistent results with the model for the entire data set. These findings suggest that the regression estimates in model 1 are appropriate in estimating PM10 concentrations using 24 -h average visibility after adjusting for minimum temperature and winter season.
Discussion
This analysis illustrates the relationship between the twosite average 24 -h visibility and multisite average PM10 in Bangkok, after adjusting for minimum temperature and winter season. The significant predictors found in this analysis were consistent with the study of Schwartz (1991 ) . This study estimated TSP in Detroit from the regression model in which b extinction coefficients (the amount of radiant flux lost from collimated beam per unit thickness of aerosol (Horvath, 1994) ) , temperature, winter and interaction terms of b extinction with temperature, dew point and seasons were found to be the significant predictors. The interaction of temperature and season suggested in Schwartz (1991 ) were not considered because, unlike in Detroit, the temperature in Bangkok does not vary much throughout the year, i.e., with a 24.98C minimum temperature, and 33.88C maximum temperature. Therefore, the suggested interaction does not apply to the Bangkok analysis.
Site -specific regression models have been suggested in the studies of Ozkaynak et al. ( 1985 ) and Abbey et al. (1995b) , but these studies involved visibility and particulate matter monitored from various U.S. cities in which weather and other environmental conditions may vary. Conversely, the Bangkok model involved only visibility and PM10 concentration in one city where local meteorology, pollution sources, and particulate compositions are unlikely to be much different across the area. Therefore, the Bangkok regression model should sufficiently reflect the association of visibility and PM10 in the area.
Most aerosols such as ammonium sulfate and ammonium nitrate are hygroscopic, and their sizes can increase with The measured and predicted PM10 model 2 were based on the 2nd splithalf subsamples.
increasing relative humidity, and results in visual impairment. It is well known that growth in size of soluble aerosol has been associated with a nonlinear increase in lightscattering ability ( Sisler and Malm, 1994) , and the scattering coefficient for soluble aerosols can be 15 ±20 times higher when the relative humidity approaches 100% than if it is under 30% ( Malm, 1991) . As a result, high relative humidity can greatly impair visibility, and bias the association between particulate mass concentrations and visibility because water has been removed from the measured particulate matter on the filter. This issue has been well addressed in this analysis by using the visibility data excluding high relative humidity days ( >76.5% ), and excluding the visibility on days for which fog and rain were concurrently recorded. However, this restriction may not have been sufficient to control for the effects of relative humidity on the relationship between PM10 and visibility, so that relative humidity was still considered in the regression model, but it was found not to be a significant predictor. With all of these adjustments, relative humidity was unlikely to affect the association between PM10 and visibility found in this analysis.
In this analysis, we chose to maximize precision of the regression estimates at the possible expense of bias caused by using multisite average PM10 and visibility measurements, which included days with some stations missing. This potential bias is likely to be minimal because the means and standard deviations of PM10 measured at the three sites are relatively similar, i.e., 64.7 with standard deviations of 27.5 g/m 3 for CHULA site, 69.4 with standard deviation of 27.1 g/m 3 for MOSTE site, and 70.4 with standard deviation of 29.4 g/m 3 for ODEAN site. Similarly, the means and standard deviations of visibility measured at the two sites are not much different, i.e., 9.2 with standard deviation of 1.1 km for the Sirikit Center site, and 8.4 with standard deviation of 1.6 km for the airport site. This suggests that the average values of PM10 and visibility estimated from fewer than all sites data on the certain days should fairly well represent the true means on those days.
The Bangkok regression model with R 2 of 0.51 was comparable to the previous studies. For example, Ozkaynak et al. (1985) reported a mean R 2 of 0.43 in their 12 large U.S. city regression models estimating PM2.5 from visibility, and the mean R 2 increased to 0.58 only when TSP was added to the models. On the other hand, the results of the precision assessment suggested that the Bangkok regression model provided relatively accurate predicted PM10. The findings were unlikely to be influenced by using the same data set in both forming the model and predicting the PM10, because consistent results were obtained, especially for the first 300 days, when the split-half technique was applied (Figure 2b ). However, we observed sizable discrepancies between the measured PM10 and predicted PM10 after day 300, i.e., between days 300 and 400, the measured PM10 somewhat exceeds the predicted, whereas the reverse is true after day 400.
Autocorrelation was not adequately addressed in the Bangkok regression model. Pope and Schwartz (1996 ) suggested that if air pollution was autocorrelated, some information about air pollution on the previous days was already captured in the concurrent day's air pollution, resulting in an overestimation of the independent effects of air pollution on the concurrent day. It is possible that today's visibility is positively correlated with those of previous days. If it is the case, we may lose information of current visibility levels carried by visibility on the previous days. Thus, overestimation of the independent effects of the concurrent day's visibility was possible in the regression model, because this analysis dealt with the association of visibility and PM10 on the concurrent days. However, this circumstance should not affect predicted PM10 values.
Conclusions
In conclusion, 24 -h visibility was found to be inversely associated with PM10 after adjusting for temperature and seasonal indicator variables, suggesting that visibility was reduced with increasing concentration of airborne particle mass in Bangkok. This indicates that missing values of PM10 data during 1992 to 1997 can be estimated from this regression model, making it possible to have a complete PM10 time series to associate with daily mortality.
